Abstract: Understanding the extent to which experimental searches are sensitive to Light Stops (LST) scenarios is essential to resolve questions about naturalness, electroweak baryogenesis and Dark Matter. In this paper we characterize the reach on LST scenarios in two ways. We extend experimental searches to cover specific gaps in the LST parameter space, showing for the first time that assuming a single decay channel one can exclude the region of mt < m top , which in its turn excludes electroweak baryogenesis in MSSM. Also, we explore the extent to which searches are weakened in a more generic scenario when more than one decay channel takes place, even after their combination. This study highlights the need for a more comprehensive exploration of the LST parameter space. 
Introduction
Supersymmetry (SUSY) [1] [2] [3] [4] [5] [6] is one of the most favoured theories beyond the Standard Model (SM). It naturally solves the hierarchy problem, provides gauge coupling unification and can address fundamental experimental problems of the SM on the cosmological scale, such as Dark Matter(DM) and Electroweak Baryogenesis. SUSY enlarges the SM spectrum of particles by their superpartners (sparticles), in particular with scalar partners of SM fermions -sfermions. There are two scalar partners for each SM fermion, one corresponding to each chirality, conserving the number of degrees of freedom. Among them, stop quarks(stops),t 1,2 , the super partners of the top-quark play a special role.
First of allt 1,2 controls the radiative corrections to the Higgs boson mass, measured to be around 125 GeV [7, 8] . For the minimal supersymmetric standard model (MSSM) this implies that the mass of at least one oft 1,2 should be of the order of above a TeV scale, since radiative corrections are proportional to the log oft 1,2 , and are required to be large because the tree-level MSSM mass is below M Z . This puts the mass oft 1,2 in tension with SUSY naturalness which suggests that the third generation squarks should be below about 1 TeV [9, 10] . This follows from the simple equation which connects the Z-boson mass, M Z , the radiatively corrected H u mass term of the superpotential, M Hu (which depends on the stop contributions) and the superpotential higgsino mass, µ. It has however been shown that the usual fine-tuning measures, defined as the sensitivity of the weak scale to fractional variations in the fundamental parameters of the theory, can be low even if the masses of the supersymmetric scalars are large. This happens in the so called "hyperbolic branch"(HB) [11] or "focus point" (FP) [12] [13] [14] regions of the minimal super gravity (mSUGRA) parameter space, where the value of the Higgs mass parameter, µ, can be low if the universal gaugino mass M 1/2 is not too large. Moreover it was recently argued [15] that EW fine-tuning in SUSY scenarios can be grossly overestimated by neglecting additional terms, stemming from the ultra violet (UV) completion of the model, that can lead to large cancellations favouring a low µ-parameter and allowing a heavier stop mass (up to a certain limit).
Besides its connection to the Higgs boson mass and fine-tuning, the light stops can also affect the Higgs signal at the LHC, namely by altering its production via gluon-gluon fusion and decay branching ratios, which was the subject of many detailed studies, see e.g. [16] [17] [18] [19] [20] [21] for light stops, Refs. [22] [23] [24] for studies in the context of Effective Field Theories, and [25] for a study where flavour and Dark Matter constraints are also considered. In particular, it was shown [19] that a scenario with light stops, would be able to explain a non-universal alteration of the two most relevant Higgs production channels -gluon-gluon fusion and vector boson fusion ones.
Finally, one should note that the light stop scenario is also attractive from a cosmological point of view. Firstly, there is a scenario where the lightest neutralino, being Dark Matter (DM) is degenerate with the lightest stop in the 100-300 GeV range, which predicts a plausibly low amount of DM (via the stop-neutralino co-annihilation channel) [26] [27] [28] [29] [30] , and secondly the light stop scenario enables Electro-Weak Baryo-Genesis (EWBG) by facilitating a first-order phase transition, specifically requiring very light stops (mt < 150 GeV) [31] . It should be noted that a number of papers claim to have ruled out light stop mediated EWBG in the MSSM by setting limits on stop masses using Higgs data [21, 32, 33] . However others have found loop holes in such arguments, such as the case where neutralinos have masses below about 60 GeV causing a sizeable Higgs decay to invisible [34] or in the so-called funnel region [16] where the two stops could conspire to eliminate their effect on Higgs couplings. One should also note that the LST exclusion of 100 GeV stops using the Higgs data is substantially weakened in case of mt 150 GeV which still could possibly trigger EWBG. Therefore ruling out of light stops via direct searches is an important step in straigthforward exclusion of EWBG, as this way is independent of Higgs measurements and closes loopholes mentioned above.
One can see that the answer to the question of what is the lower stop mass limit is crucial for different aspects of Supersymmetry -one of the most appealing BSM theories. Currently the light stops mass range below 300 GeV is highly restricted by present experimental data, but not fully excluded. For example, the region near the thresholds of stop decay to W bχ 0 or to tχ 0 has not been fully covered neither by ATLAS nor by CMS collaborations. This can be seen from ATLAS and CMS combined limits on the stop mass in the neutralino-stop mass plane presented in Fig. 1 which is taken from Refs. [35, 36] . From this figure one can see that indeed for the ∆m = mt − mχ0 1 m b + m W , i.e. just below the line indicating the W bχ 0 threshold, there is a small sleeve of the allowed parameter space for mt even below 150 GeV. We should note that while finalising this paper we were made aware of a phenomenological paper [46] which improves on the limits in this region using precision measurements of the W + W − cross section. Our approach is different and complimentary, and also more general as we also explicitly consider large branching ratios to the 2-bodyt 1 → cχ 0 1 final state.
When ∆m < m b + m W , the stop can decay via a radiatively inducedt 1 → cχ 0 1 2-body (2BD) flavour violating channel which can be large or even dominant in this ∆m region. Moreover, in the very narrow region m c < ∆m < m b (not indicated in Fig. 1) this is the only possible decay channel. The other possible decay in the ∆m < m b + m W parameter space is the 4-body stop decay channel (4BD)t 1 → bff χ 0 1 , were f and f are either quarks of the 1st or 2nd generation, or leptons. This decay is realised either via the exchange of a virtual top quark and W-boson and/or a virtual chargino. In this paper we are interested in the LHC sensitivity to the light stop (LST) scenario, which we define hereafter as mt < m top to be concrete. One can see in Fig. 1 that the LST scenario can be excluded assuming a 100% branching ratio to 2BD decays using monojet and charmtagged monojet signals [45] or under the assumption of a 100% branching ratio to 4BD decay using a combination of monojet-like signal selection [45] (which is also studied by CMS [47] ) and single lepton plus missing transverse momentum signatures [41] . The very important question is the status of the LST scenario in the case of mixed branching ratios. [35] and CM(bottom) [36] collaborations: presenting the 95% confidence limits (CL) exclusion region in the stop mass (mt) vs neutralino mass (mχ0 1 ) plane. Each search assumes a 100% branching ratio via certain channels as shown in the legend of the plot [37] [38] [39] [40] [41] [42] [43] [44] [45] .
This can be parameterised by a single parameter
so,
This is one of the objectives we study in our paper. Indeed, this simple parameterisation is possible in the ∆m < m b + m W region since no new kinematics is expected in the form of on-shell lightest chargino decay since its mass is limited by LEPII to be above about 88 GeV [48] [49] [50] [51] , so ∆m < m b + m W < mχ± 1 . In the m b +m W < ∆m < m t region the model-independent exploration of LST scenario is much more complicated as it can involve the new kinematics from the on-shell chargino decay. In general, one needs to involve two more parameters in this region -the chargino mass and the branching ratio of decay via the on-shell chargino, Br(t 1 → bχ
1 ). This mass region was explored under different assumptions by ATLAS using 1-and 2-lepton signatures [41, 43] and CMS using a 1-lepton signature [52] and a signature involving fully hadronic final states from stops decay [53] . The CMS collaboration has parameterised chargino mass using a parameter x (0, 1.)
which defines the "position" of the chargino between the stop and the lightest neutralino. ATLAS and CMS studies in the m b +m W < ∆m < m t region involving different signatures are very complementary and very comprehensive, but unfortunately they do not give a definitive answer as to whether the LST scenario is excluded or not over the whole MSSM parameter space. For example, the CMS study of fully hadronic final states from stops decay [53] clearly demonstrates the importance of this signature to exclude the LST scenario as indicated in Fig. 2 . However, it's important to note that the results of this study are very model dependent: when Br(t → bχ ± 1 ) ≡ 1 − Br(t → tχ 0 1 ) = 100%, this search maximally excludes the m b + m W < ∆m < m t region, while in the opposite case when Br(t → tχ 0 1 ) = 100% it leaves this region intact. This happens because this study only considers on-shell top-quarks fort → tχ 0 1 decays which do not occur when m b + m W < ∆m < m t , contrary to thet → bχ ± 1 decays for which theχ ± 1 is always on-shell since the mass gap between the chargino and neutralino was fixed at 5 GeV.
One can see that in order to perform a generic exploration of the LST scenario one should complete the study of the respective space. As discussed above, this parameter space is three-dimensional in ∆m < m b + m W region (mt, mχ0 
One can see that a model-independent exploration of the LST scenario is quite a complicated task. On the way towards completing this task we make a simplification and consider only the part of the LST parameter space assuming that the chargino is heavier than the stop: mχ± 1 > mt. This assumption allows us to conveniently work in a three-dimensional space in both the ∆m < m b + m W and m b + m W < ∆m < m t cases i.e. in the whole LST parameter space. Relaxing this assumption would be the topic of future work, and in what follows we assume mχ± 1 > mt. In this paper we explore the full LST parameter space (mt, mχ0 Observed only Figure 2 . Observed 95% CL mass exclusion limit curves for top-squark pair production, taken from Fig.11 of CMS SUS-14-001 paper [53] and a W-boson and recasting existing ATLAS and CMS searches. This allows us to explore the RUN1 LHC sensitivity to the full LST parameter space which is the main new result of this paper. It is clear that the potential exclusion of the whole LST parameter space would have a dramatic consequences for the EWBG scenario and important connections to Higgs phenomenology.
The rest of the paper is organised as follows. In Section II we discuss the stop decay channels and their dependence on the MSSM parameters. We continue in Section III to discuss experimental analyses for the 2BDt 1 → cχ 0 1 , and 4BDt 1 → bff χ 0 1 channels, and the tools and framework with which we extend these. In section IV we present our results on the extension of the current experimental analyses and demonstrate that for a generic case with intermediate branching ratios to the 2BD and 4BD decays, the current stop mass limits are drastically reduced. We draw our conclusions it Section V.
Stop decay channels
As discussed in the introduction, the LST scenario we study here (mχ± 1 > mt) is described by a three-dimensional (mt, mχ0 1 and 2B ) parameter space. One should note that for ∆m > m b + m W the stop will undergo a 3-body decay via a real W-boson. However hereafter we will call any stop that decays viat 1 → bW ( * )χ0 1 → bff χ 0 1 a 4-body (4BD) channel since it leads to a 4-body final state, originating either from a real (∆m
The take-home message of this section is that neither 2BD nor 4BD channels are necessarily dominant in a given region of the parameter space. Therefore, it is crucial to understand how LHC limits change when these two channels compete with each other. The role of these channels was a subject of several studies since about decade from now [54] [55] [56] [57] [58] [59] [60] , and in the paper we discuss how these studies compare with the present one.
Let us start the discussion with 2BD, which come from the flavour non-diagonal interaction of the stop with the charm and neutralino. The general form oft 1 − c −χ 0 1 interactions is [54] Lt
and the respectivet 1 → cχ 0 1 decay width is given by
Approximate expressions for the couplings y L,R can be obtained by expanding in the charm mass [57, 59, 60] leading to
whereas y R ∼ O(y c ). Here c SU SY denotes a combination of flavour off-diagonal elements of the SUSY breaking mass and trilinear parameters between the second and third generation, N ij is the neutralino mixing matrix, and y b , y c are the bottom and charm Yukawa couplings. See Refs. [54] [55] [56] [57] [58] [59] [60] for more details. The partial width of 4BD can be expressed as
when mt mχ0 and as
W m 2 t mt for small ∆m = mt − mχ0 [61] . The coupling of the stop to the neutralino and top gt tχ 0 depends on the LR admixture of the light stop, and the composition of the neutralino.
These equations show that the 2BD is suppressed if 1.) the lightest stop is mostly righthanded, 2.) the flavour off-diagonal elements in the soft-breaking terms are suppressed, 3.) the partner of the charm is heavy, and 4.) the neutralino is a particular linear combination of Bino and Wino. In this case, even the phase space suppressed 4BD could dominate over 2BD. Note also the dependence with y 4 b in the partial width, which introduces a strong dependence on the parameter tan β, Γ 2BD ∝ tan β 4 .
In summary, the relevant parameters affecting 2BD stop decay are then, besides the level of flavour violation, the neutralino composition determined by µ, M 1 and M 2 , the LR stop mixing and tan β. On the other hand, the 4BD does not rely on off-diagonal soft masses, and its dependence on other parameters such as µ and tan β is different from 2BD. The full picture of the 2BD versus 4BD interplay is quite complicated in the MSSM multi-dimensional parameter space, however a judicious choice of parameters [57, 59, 60] allows to see a clearer picture. Indeed, even for ∆m just above the 2BD threshold, the 4BD channel can be dominant if the cancellations discussed above suppress the 2BD. Conversely, for large tan β and large values of LR stop mixing, the 2BD channel can be dominant even for ∆m M W .
One should also mention Ref. [58] where the authors showed that if the neutralinostop co-annihilation channel is responsible for providing the right amount of Dark Matter (DM), then one expects ∆m 30 − 40 GeV, a value (almost) independent of both stop mass and the stop mixing. This study provides an additional motivation for our choice of mχ± 1 > mt, a choice which substantially simplifies the study of the LST parameter space. At the same time, in the region where ∆m < 30 − 40 GeV, one expects the neutralino DM abundance to be consistent with the measured upper limit of DM relic density. For m b < ∆m 30−40 GeV the relative contribution from 2BD and 4BD can be very different, such that for any given ∆m, 2B takes a value from 0 to 1 depending on µ, M 1 , M 2 , LR stop mixing and tan β.
In the following, we will perform an analysis making no assumptions on the the value of 2B , considering therefore the whole parameter space for the LST scenario.
The setup for the Light Stop analysis

Current Status of the experimental searches.
The best sensitivity of searches for stops by ATLAS and CMS are reached by focusing on one specific channel, hence assuming a 100% BR to a final state. Moreover, the cuts are designed to increase the SUSY signal to SM background ratio in a specific region of SUSY parameter space. As a result, different searches are aimed to rule out different areas of SUSY parameter space, and these are usually presented in the stop mass (mt) vs neutralino mass (mχ0 1 ) plane. Both ATLAS and CMS have produced summary plots, where they combine all of their stop exclusion results on a single plot, as discussed in the Introduction. Results from both collaborations are very similar, however the ATLAS exclusion limits are slightly more stringent in the low stop mass region of interest as one can see from Figure 1 [37] [38] [39] [40] [41] [42] [43] [44] [45] .
Even under these stringent assumptions, we clearly see that there are areas of parameter space which still allow light stops. For example, if the neutralino mass were mχ0 1 > ∼ 240 GeV, then any stop mass down to around 280 GeV would be still allowed. If mχ0
GeV, then stops as light as 110 GeV may be allowed depending on the mass gap, ∆m, between the stop and neutralino. The two main regions which are not excluded even for these very light stops are where ∆m is around M W , and where ∆m ≈ m t . In both these regions, the stop decays to an on-shell W -boson or top quark, with very little energy for the neutralino. Therefore there is very little Missing Transverse Energy (MET) from the undetected neutralino, which makes it difficult to distinguish signal from the large SM background.
Our goal here is two-fold. First we wish to extend the ATLAS analysis into the region with light stops where ∆m is slightly larger than M W , with the intention of ruling out the lowest mass stop regions which are presently still allowed experimentally. We specifically choose to extend the ATLAS bounds because in this region they are more stringent than the corresponding CMS results. Secondly, by reproducing the analyses ourselves, and validating them against the published experimental results, we will have the freedom to alter branching ratios, allowing us to explore the consequences on the exclusion limits of a more realistic model where the stop has more than one decay channel with a significant branching ratio.
To overcome the problem related to the small mass gaps between the stop and neutralino, resulting in little momentum release, one can use events with a high-p T initial (and/or final) state gluon or quark radiation -ISR (FSR) -which would recoil against thett pair, leading to a larger boost of the neutralinos from stops decays. The resulting signature is a high-p T jet and the high missing energy (MET) from recoiled neutralinos against this jet. All of the ATLAS searches in the ∆m < M W region are monojet searches, with cuts for a high-p T jet and high MET.
As stated previously, in this paper we extend the ATLAS exclusion into the ∆m > M W region. In particular, the intention is to extend the regions in Refs.
[45] and [41] (the salmon coloured and dark grey regions in Figure 1 ), which both rule out a large region where ∆m < M W , but are artificially cut off at around the ∆m = M W line, where it looks likely they could have been extend further.
In Ref.
[45] where at 1 →χ 0 1 c decay is assumed, it is stated that the maximum ∆m considered is 82 GeV. No further explanation is given, however its likely this is in part due to the fact that if one would assume no tree level flavour violation, then the region of parameter space where the branching ratio tot 1 →χ 0 1 c is 100% becomes very small as ∆m becomes much larger than this. However, as discussed in Section 2, sizeablet 1 →χ 0 1 c BRs are still possible for mass gaps up to at least ∆m ≈ 110 GeV when flavour violation within experimental limits are allowed, and it is important to exclude this experimentally.
[41] on the other hand, where at 1 → bf f χ 0 1 decay is assumed, they state that "generating the full event with MadGraph would be computationally too expensive.". As a result, theirt are decayed using Pythia, which produces isotropic decays. This will not be valid when the W bosons are on shell. This seems to be at least part of the reason the results have been restricted to ∆m < 80 GeV (which is not explicitly stated). As these omissions are both important and possible to rectify, these are the analyses we extend in this chapter.
Tools and Framework for Analysis
In order to extend these results, we reproduced the signal samples and analysis for three ATLAS analysis [41, 45] which we will call; (i) monojet analysis, (ii) monojet with c-tagging analysis, and (iii) monojet with 1 lepton analysis. They are discussed in the following subsections.
Monojet,t →χ 0
1 c This analysis is described in [45] . It assumes a 100% branching ratio tot →χ 0 1 c and its main aim is to rule out the very small ∆m region where the c-jets from the decay will usually be too soft to identify (roughly ∆m < 30 GeV although ATLAS do not give a value). Therefore in monojet events, the signature will be one high-p T jet and a large E miss T , with a small number of soft jets. First, the events undergo a pre-selection, requiring an E miss T > 150 GeV, at least one jet with a p T > 150 GeV and |η| < 2.8, and vetoing any event with a muon with p T > 10 GeV or an electron with p T > 20 GeV. Following this, as a result of the softness of the decay products, a maximum of three jets with p T > 30 GeV and |η| < 2.8 are allowed. Additionally, the azimuthal separation between the missing transverse momentum direction and that of each jet has a minimum bound, ∆φ(jet, p miss T ) > 0.4, which ATLAS used to reduce the multijet background where the large E miss T originates mainly from jet energy mismeasurement. In order to optimise the search reach, 3 separate signal regions were defined (denoted M1, M2, M3), with increasing minimum thresholds for p T and E miss The SUSY signal samples were produced at leading order using MadGraph5 [62] [63] [64] with a CTEQ6L1 PDF, with the cross section rescaled using a K-factor calculated with next-to-leading order (NLO) supersymmetric QCD corrections and the resummation of soft gluon emission at next-to-leading-logarithmic (NLL) accuracy using the NLL-fast computer program [65] [66] [67] . In view of the fact that for large ∆m, the veto of any event with a fourth jet with p T > 30 GeV can reduce the selection efficiency by around 50%, and that this can be from a second initial state radiation jet (with the 2 nd and 3 rd highestp T jets from the c-quarks from stop decays), two-jet matching using the k T -jet MLM scheme [68] was used to ensure accuracy of the p T of subleading ISR jets. The showering is done using Pythia-6 [69] [70] [71] and the detector simulation using Delphes-3 [72] [73] [74] . The subsequent analysis and application of cuts was conducted using the ROOT Data Analysis Framework [75] . Each point in the mt vs mχ0 1 plane was ruled out if for any of the signal regions (M1, M2, M3), the cross section of the signal sample and the efficiencies of the selection cuts predicted a larger number of signal events than the 95% confidence limits (CL) upper limit on BSM events which is provided by ATLAS in the paper.
Monojet with c-tagging,t →χ 0
1 c This analysis is also described in Ref. [45] . It again assumes a 100% branching ratio tõ t →χ 0 1 c, and its main purpose is to rule out the region with a larger but still relatively small ∆m, (roughly 30 GeV < ∆m < 80 GeV although ATLAS does not give a value), where the c-jets from the decay will usually be hard enough to identify, but softer than the initial state radiation. Therefore the signature will be relatively large multiplicity jets with a charm jet as one of the subleading jets.
At ATLAS, the c-tagging is implemented via a dedicated algorithm using multivariate techniques which combine information from the impact parameters of displaced tracks and topological properties of secondary and tertiary decay vertices reconstructed within the jet. For this study, they used two operating points for the c-tagging called the medium and loose operating points. The medium operating point has a c-tagging efficiency of ≈ 20%, and a rejection factor of ≈ 8 for b-jets, ≈ 200 for light-flavour jets, and ≈ 10 for τ -jets, while the loose operating point has a c-tagging efficiency of ≈ 95%, with a rejection factor of ≈ 2.5 for b-jets, but no significant rejection of light-flavour or τ -jets. For our analysis, we used these quoted efficiencies and rejection factors, as well as representative data-tosimulation multiplicative scale factors given in the ATLAS paper [45] of 0.9 for simulated heavy-flavour tagging and 1.5 for mistagging of light-jets as charm jets.
Once more, the events undergo a pre-selection (slightly different to the monojet preselection), requiring an E miss T > 150 GeV, at least one jet with p T > 150 GeV and |η| < 2.5, and vetoing any event with a muon or electron with p T > 10 GeV.
Following this, due to the likelihood of multiple jets, a minimum of four jets with p T > 30 GeV and |η| < 2.5 and ∆φ(jet, p miss T ) > 0.4 are required. Additionally, there is a veto against any event containing b-jets by using a loose c-tag requirement, and a requirement that at least one of the three subleading jets passes a medium c-tag. Again in order to optimise the search reach, 2 separate signal regions were defined (denoted C1 and C2), both requiring their leading jet to have p T > 290 GeV, but with C1 requiring E miss T > 250 GeV and C2 requiring E miss T > 350. These selection cuts are summarised in Table 2 .
Once more, the SUSY signal samples were produced using Madgraph5 (with 2-jet matching and a CTEQ6L1 PDF), Pythia and Delphes-3, with subsequent analysis conducted using ROOT. Each point in the mt vs mχ0 regions (C1, C2) predicted a larger number of signal events than the 95% CL upper limit on BSM events provided by ATLAS.
Monojet with 1 lepton,t → bf f χ 0 1
This analysis is described in Ref. [41] . It assumes a 100% branching ratio tot → bf f χ 0 1 . Like the previous 2 analysis discussed above, it is separated into 2 signal regions, with the first, labelled bCa low, aiming to probe mass scenarios where ∆m < 50 GeV, and the second, bCa med, intended to probe 50 GeV < ∆m < 80 GeV. There are a number of differences between the event selection criteria for the 2 signal regions, all of which are presented in Table 3 for convenience. For bCa med there is a requirement for ≥ 3 jets to suppress the SM W +jets background, while for bCa low this is lowered to ≥ 2 to avoid large acceptance losses. m ef f is defined by
where H T is the scalar p T sum of the four leading jets and p l T is the p T of the single charged lepton in the event. Assuming the lepton mass is negligible, the transverse mass (m T ) is defined by,
Here ∆φ( l, p miss T ) is the azimuthal angle between the lepton momentum and the p miss
This is the analysis which ATLAS deemed computationally too expensive to produce the full matrix element for the SUSY signal sample, instead using Pythia which decays thẽ t 1 isotropically. This limits the analysis to ∆m < 80 GeV and fails to rule out the region we're interested in. Without flavour violation (beyond the SM), the assumption of a 100% branching ratio tot → bf f χ 0 1 is correct for most of parameter space when ∆m > 80, and it would be particularly useful to extend this analysis into this space.
We used Madgraph5 to produce the signal events. This was impossible to do accurately until November 2014, due to a bug in MadGraph which was fixed between Version-2.2.1 and Version-2.2.2 1 . Once this bug was fixed, the generation of events was computationally intensive but achievable. Jet matching was required due to the added complication in this region that after selection cuts, the leading jet is sometimes from the decay products rather than being initial state radiation (ISR), which in the absence of matching leads to an infrared divergence of the ISR. Again the PDF used was CTEQ6L1 PDF, with Pythia, Delphes-3 and ROOT used for the rest of the signal generation and analysis. Each point in the mt vs mχ0 1 plane was ruled out if for any of the signal regions (bCa low, bCa med) we predicted a larger number of signal events than the 95% CL upper limit on BSM events provided by ATLAS. 4 Results on the exclusion of the LST parameter space 4.1 2-bodyt →χ 0 1 c decay channel analysis: monojet signature without and with c-tagging By applying the cuts required to define these signal regions as described in the previous section, and utilising confidence level limits on the number of excess events over the background obtained by ATLAS and supplied in their paper [45], we have found the exclusion region from these channels in the (mχ0 1 − mt op 1 ) parameter space. The 95%CL exclusion region for theχ 0 1 c decay channel from analyses looking for a monojet signature (without c-tagging) is presented in Fig. 3 and indicated by the green colour.
The ATLAS collaboration only presents their result after combining this exclusion region with that of the monojet with c-tagging search, with their combined exclusion being a salmon pink colour in Fig. 1(top) . This is done because this combination gives the entire region ruled out given the assumption thatt →χ 0 1 c is the only decay channel. It is this combined region's outline that is given by the red dashed line in Figure 3 . Our monojet result reproduces the wedge shape seen in the ATLAS exclusion near mt = mχ0 ≈ 270 GeV.
One should stress that we have extended our analysis into the ∆m 80 GeV region: one can see that for mt < ∼ 170 GeV, a new region beyond ∆m < 80 GeV is ruled out which is not covered by the ATLAS analyses. If we assume that the decay is entirely viat →χ 0 1 c, this monojet analysis alone rules out stops with m t < 150 GeV. Exclusion limits for 2-body decay our t →cχ 0 1 monojet limit our t →cχ 0 1 c-tagged limit ATLAS t →cχ 0 1 (mono + c-tag) limit Figure 3 . The green region denotes the region excluded by the monojet analysis while the orange region is excluded by the monojet with c-tagging analysis. For both the exclusion is at a 95% CL assuming a 100% branching ratio tot →χ 0 1 c. The dashed red line is an outline of the region excluded by ATLAS after they conducted and combined the same two analyses.
In Fig. 3 we also present results for the 95% exclusion region for the monojet with c-tagging denoted by the orange region. Firstly, we see that we have successfully recreated the "bulge" in the ATLAS results, where 40 GeV < ∆m < 80 GeV and mt ≈ 270 GeV. When this is combined with the green monojet exclusion, we find that other than a small wedge when mt ≈ 240 GeV, mχ0 ≈ 210 GeV, we agree well with ATLAS for the masses for which they have produced results, as we should expect. This agreement validates our signal sample generation and analysis. Secondly, our 95% CL extends well beyond the region excluded by ATLAS, all the way down to massless neutralinos. This means that if the assumption thatt →χ 0 1 c has a BR of 100% were true, light stops are ruled out for mt < 210 GeV regardless of neutralino mass. As discussed in section 2, the BR for this decay can vary a lot in the LST parameter space, so the assumption of a 100% BR over the entire region should be considered as a convenient way to present the results and not a realistic physics picture, as we discuss in detail below.
4-body,t → bf f χ 0 1 analysis: monojet with 1 lepton signature
The results of this analysis is presented separately from the monojet and monojet with charm tagging results as the assumed decay process and the respective signature are different. In Figure 4 , we show our 95% CL excluded region, compared to the analogous ATLAS result outlined in dashed black. Also included on the plot is another ATLAS analysis in dashed blue (1-and 2-lepton analysis which are different from ours) which we did not attempt to reproduce as we have no reason to believe that we could extend it. This is included to make it visually clear which region we particularly intended to rule out; the region between the two ATLAS exclusions. Exclusion limits for 4-body final state our t →bff χ 0 1 1L limit ATLAS t →bff χ 0 1 1L limit ATLAS t →Wbχ 0 1 1L (+2L) limit Our exclusion region once more agrees reasonably well with ATLAS for ∆m < 80 GeV, acting as a validation for our methods. However it also extends beyond this bound filling the previously unexcluded gap between the two ATLAS analyses, where ∆m is slightly larger than M W . Therefore, under the assumption that stops only have a 4-body decay, we have successfully ruled out a large part of the remaining phase space for light stops with masses of around 150 GeV < mt < 200 GeV. As discussed in Section 2, if there is no flavor violation (beyond the SM) in the MSSM, then stops exclusively decaying to 4-body is a reasonable assumption over much of parameter space. More generally however 2-body decays can also occur in this mass range.
Combining new and existing results
In this section, to see the full region in the mt vs mχ0 1 plane which is now excluded, we combine our results with those of ATLAS, including ATLAS analyses which we did not attempt to reproduce. As previously, it is sensible to consider the two decay channels separately which we do below. Exclusion limits for 2-body decay -combined results
Overall limit on t →cχ 0 1 our t →cχ 0 1 monojet limit our t →cχ 0 1 c-tagged limit ATLAS t →cχ 0 1 (mono + c-tag) limit Figure 5 . The area shaded yellow in the mt vs mχ0 plane has been excluded at the 95% CL after both our results and ATLAS results are included. The red outlines show regions excluded by our analysis (solid: monojet analysis, dashed: monojet with c-tagging analysis). The solid orange line outlines the region excluded by ATLAS.
Our conclusion here is very similar to that prior to combining our results with ATLAS, but with the lower bound on the stop mass increased to around 240 GeV. If true, as having mt < m t is a necessary condition for the light stop scenario of EW baryogenesis, this scenario would have been ruled out, but as this decay is disfavoured for moderate and large values of ∆m this conclusion is invalid more generally. Exclusion limit for 4-body final state -combined results
Overall limit on t →bff χ 0 1 Our t →bff χ 0 1 1L limit ATLAS t →bff χ 0 1 1L limit ATLAS t →bff χ 0 1 monojet limit ATLAS t →Wbχ 0 1 1L (+2L) limit ATLAS t →tχ 0 1 limit ATLAS spin correlation limits, [arXiv:1412.4742] Figure 6 . Area in the mt vs mχ0 plane which has been excluded at the 95% CL after combining our results with ATLAS. Blue outline -excluded by our monojet with lepton search. Purple outlines -regions excluded by ATLAS searches. Green outline -Excluded by ATLAS search via top-antitop spin correlations.
95% CL is shaded in blue. The outline of our contribution to the total exclusion area has a solid blue line, while all of the ATLAS exclusion results are outlined in purple. The only exception is another ATLAS study which is based on top-antitop spin correlations, whose outline is green. The goal of the study was to rule out as much of the region with light stops as possible, in particular where ∆m is slightly larger than M W as this is where extending the ATLAS 95% CL was most likely to be successful. Inspection of Figure 6 shows that the addition of our analysis to ATLAS's results has achieved this, closing much of this remaining region and bridging the gap between ATLAS'st → bf f χ 0 1 analyses (where ∆m < 80 GeV) and t → bWχ 0 1 analyses (where ∆m 80 GeV).
However, there still remains a small area where 100 GeV < ∼ mt < ∼ 140 GeV and 25 GeV < ∼ mχ0 < ∼ 50 GeV where light stops are still allowed, as well as a narrow band along the ∆m ≈ m t line, and a small region where 191 GeV < mt < ∼ 205 GeV near where the neutralino is massless. Therefore even with the assumption of a 4-body decay BR of 100% there remains a small region where the stop is still light enough to allow EWBG. Furthermore as discussed in Section 2, this assumption of exclusively 4-body decays is not valid as 2-body decays are able to occur for ∆m at least up to 110 GeV when FV is allowed.
There are ongoing efforts to reduce the region where ∆m ≈ m t further. These include spin correlation approaches [76] , and methods where the stop manifests as a disagreement between the theoretical and experimental values of the top cross section [77] .
Model independent results for various branching ratios in generic LST parameter space
Thus far all the results presented assume a 100% branching fraction, either decaying viã t →χ 0 1 c ort → bf f χ 0 1 . These results are convenient for presentation purposes, however if the the LST scenario is realised in nature, we need to consider a more realistic scenario, and study the parmater space for various values of BR. This is what we do in this section, where we allow intermediate values of BR, assuming that these are the only two decay channels such that their branching ratios add to 100%, which is the definition of the LST parameter space which we study here.
The procedure followed was a simple procedure of adjusting the cross section and therefore the number of predicted signal events, according to the branching ratios. A point in the mass plane is excluded if the number of signal events in either channel was predicted to be larger than the 95% confidence limits (CL) upper limit on BSM events provided by ATLAS. This naive method is likely to be more pessimistic than a more sophisticated likelihood contour method. Furthermore, to produce these results, we have also assumed that any event with a mixed decay, i.e. where the two stops which are pair-produced decay to one of each of the two different final states, will not pass the selection cuts. While the efficiency of such events is likely to be low, this assumption is unlikely to be true for every mixed event, and therefore the exclusion regions presented here should be considered a minimum exclusion region.
These results are shown in Figure 7 , where we consider multiple different values of branching ratios (BR). We can see that when the 2-body branching fraction is between about 10%-50%, neither decay is able to exclude our main region of interest where ∆m ≈ M W between the two ATLAS results. This occurs mainly because thet → bf f χ 0 1 exclusion region shrinks rapidly as the cross section of this decay channel drops, requiring a BR > 90% before its 95% CL extends beyond the ∆m = 80 GeV line. As any combination of branching ratios is possible when ∆m ≈ M W , these plots confirm that we cannot fully exclude these stop masses for every realisation of the MSSM.
Looking more generally at the whole of the LST parameter space, we can ask which values of mχ0 and mt are excluded in this more realistic scenario of intermediate branching ratios. This is a very important question for the reasons detailed in our introduction. The short answer is that almost none of the region with ∆m 100 GeV is ruled out 2 . That is, for any point in the mt vs mχ0 1 plane where ∆m 100 GeV, there is a branching ratio such that it is not ruled out by any of the current 8 TeV analyses, and as the BR can be almost any value in the majority of this region (other than ∆m few GeV), we can not conclusively say that the points are excluded. This is shown most obviously in Fig 7, when the BR is 30% to 2-body and 70% to 4-body. In this case, the probability of both stops decaying via a 2-body decay is only 9%, so that only points with extremely light stops (mt < 100 GeV) and very high cross sections remain excluded, and the BR to 4-body decay is not high enough to rule out any more than a very small region around mt = 120 GeV, mχ0 = 75 GeV (in yellow in the Fig 7) . In fact, these results do not improve upon previous LEP results of mt > 95 GeV [78] [79] [80] [81] .
For our study, we have assumed decays to only 2 channels (t →χ 0 1 c or t → bW ( * )χ0 1 → bf f χ 0 1 ). Going beyond this assumption and also allowing the decay t → bχ ± → W bχ 0 → bf f χ 0 1 would likely reduce the excluded region even further.
Conclusions
In our study we have extended experimental searches to cover specific gaps in the LST parameter space with mt < m top . We should note that we were able to achieve this as some of the experimental studies have limitations from SUSY signal sample production and analysis, rather than direct limitations from the LHC experiment. In particular, we wanted to rule out as much as possible of the 3-dimensional (mt, mχ0 1 and 2B ) LST parameter space which previously was not covered completely around ∆m ≈ M W even for simplified scenarios with 2B = 1 or 2B = 0 i.e. cases with 100% BR for 2-body or 4-body stop decays respectively.
Assuming a 100% branching fraction oft →χ 0 1 c we agreed well with ATLAS in the region where they had produced results, validating our signal sample production and analysis code for each particular signature. Using this validated framework, we have extended the exclusion well beyond the ∆m < m W region, successfully ruling out mt < 240 GeV irrespective of neutralino mass after combining our results with those of ATLAS, as shown in Fig.5 . This means that if Br(t →χ 0 1 c) = 100%, the stops are too heavy to mediate EWBG, and therefore we have excluded the light stop EWBG scenario, independently of other considerations such as Higgs measurements.
When instead we assume that the stop only decays viat → bf f χ 0 1 , our results again agree well with the ATLAS exclusion limits where they have produced results. We also extend these results, covering an important gap between two ATLAS analyses where ∆m ≈ M W , although a small region where mt ≈ 120 GeV with mχ0 ≈ 40 GeV remains unexcluded as one can see from Fig.6 . Therefore we have limited the values of mt and reduced the amount of parameter space remaining where light stop EWBG is still viable, although it is not ruled out entirely. Exclusion limit 100% BR to 2-body, 0% BR to 4-body our t →cχ 0 1 monojet limit our t →cχ 0 1 c-tagged limit our t →bff χ 0 1 1L limit ATLAS t →cχ 0 1 (mono + c-tag) limit ATLAS t →bff χ 0 1 1L limit ATLAS t →Wbχ 0 1 1L (+2L Exclusion limit 80% BR to 2-body, 20% BR to 4-body our t →cχ 0 1 monojet limit our t →cχ 0 1 c-tagged limit our t →bff χ 0 1 1L limit ATLAS t →cχ 0 1 (mono + c-tag) limit ATLAS t →bff χ 0 1 1L limit ATLAS t →Wbχ 0 1 1L (+2L Exclusion limit 50% BR to 2-body, 50% BR to 4-body our t →cχ 0 1 monojet limit our t →cχ 0 1 c-tagged limit our t →bff χ 0 1 1L limit ATLAS t →cχ 0 1 (mono + c-tag) limit ATLAS t →bff χ 0 1 1L limit ATLAS t →Wbχ 0 1 1L (+2L) limit Exclusion limit, 30% BR to 2-body, 70% BR to 4-body our t →cχ 0 1 monojet limit our t →cχ 0 1 c-tagged limit our t →bff χ 0 1 1L limit ATLAS t →cχ 0 1 (mono + c-tag) limit ATLAS t →bff χ 0 1 1L limit ATLAS t →Wbχ 0 1 1L (+2L) limit Exclusion limit, 20% BR to 2-body, 80% BR to 4-body our t →cχ 0 1 monojet limit our t →cχ 0 1 c-tagged limit our t →bff χ 0 1 1L limit ATLAS t →cχ 0 1 (mono + c-tag) limit ATLAS t →bff χ 0 1 1L limit ATLAS t →Wbχ 0 1 1L (+2L) limit Exclusion limit, 10% BR to 2-body, 90% BR to 4-body our t →cχ 0 1 monojet limit our t →cχ 0 1 c-tagged limit our t →bff χ 0 1 1L limit ATLAS t →cχ 0 1 (mono + c-tag) limit ATLAS t →bff χ 0 1 1L limit ATLAS t →Wbχ 0 1 1L (+2L) limit Exclusion limit, 5% BR to 2-body, 95% BR to 4-body our t →cχ 0 1 monojet limit our t →cχ 0 1 c-tagged limit our t →bff χ 0 1 1L limit ATLAS t →cχ 0 1 (mono + c-tag) limit ATLAS t →bff χ 0 1 1L limit ATLAS t →Wbχ 0 1 1L (+2L) limit Exclusion limit, 0% BR to 2-body, 100% BR to 4-body our t →cχ 0 1 monojet limit our t →cχ 0 1 c-tagged limit our t →bff χ 0 1 1L limit ATLAS t →cχ 0 1 (mono + c-tag) limit ATLAS t →bff χ 0 1 1L limit ATLAS t →Wbχ 0 1 1L (+2L) limit However one should stress that in a more general LST scenario with an intermediate value of 2B between 0 and 1, the exclusion parameter space can be dramatically different. Having explored this possibility, we found that if the branching fraction to charm and neutralino is between 10%-50% (as illustrated in Fig. 7 ), then our new exclusion limits are much reduced and do not extend beyond ∆m > 80 GeV. In this region, the decay is most likely to bet → bf f χ 0 1 in a model with no flavour violation (beyond the SM), but more generally any value of BR is possible, and so the most general exclusions limits are much weaker.
More generally, we have shown that whilst current experimental analyses using simplified models with only one decay channel look like they've excluded the majority of the LST scenario parameter space, in a more general and realistic scenario, allowing just two decay channels dramatically reduces the region which is definitively excluded. In fact in this case, the limits on stop masses is reduced to mt > 95 GeV from LEP [78] [79] [80] [81] . This means that given a realistic model, the LST scenario is far from excluded, which has important implications for naturalness as well as allowing stop masses light enough to facilitate electroweak baryogenesis.
The exclusion of the LST parameter space could be further improved in this more general scenario with a mixture of 2-body and 4-body decays by doing a fuller combination/optimisation of the respective signatures. This study goes beyond the subject of the present paper.
A further complication which we have ignored, but needs to be considered in a completely generic scenario is allowing for light charginos entering the decay chains. When the LSP neutralino is Higgsino like, the chargino mass is close to the LSP mass, so a chargino decay could appear in the stop decay chain, altering the kinematics and affecting the LST exclusion results. In this study we have made the assumption that this chargino is above the stop mass, so can be ignored, however had it been included, it is likely that the stop exclusion limits in the general case would be weakened further.
In summary we have successfully extended the ATLAS stop exclusion bounds. If we assume a Br(t →χ 0 1 c) = 100% then we have excluded mt < m top and therefore are the first to exclude light stop EWBG based solely on stop masses from direct searches. On the other hand, assuming a Br(t → bf f χ 0 1 ) = 100%, a small area of parameter space remains. This result has an important impact on the Higgs signal at the LHC: If mt > m top , then the effect from light stops loops is expected to be below a few % for all the main Higgs production and decay observables [19] . Furthermore, we demonstrate that for stop BRs different from 100%, the excluded region of the LST scenario is dramatically reduced, so for a generic LST scenario, light stop baryogenesis is still a possibility, necessitating further dedicated studies of the LST parameter space.
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Note Added
While finalising our paper, the ATLAS collaboration released a note with new results on the stop search [82] . This extends their previous excluded region under the assumption of a 4-body final state (viat 1 → bW ( * )χ0 1 ). However our study remains important, having both extended the excluded region even beyond this new ATLAS result, ruling out heavier stops for 4-body decays, as well as significantly extending the exclusion assuming a 2-body final state which was not addressed in this new ATLAS note. 
